The aim of this work was to study the effect of dairy system and individual cow-related factors on the volatile fingerprint of a large number of individual model cheeses analyzed by proton transfer reaction time-offlight mass spectrometry (PTR-ToF-MS). A total of 1,075 model cheeses were produced using milk samples collected from individual Brown Swiss cows reared in 72 herds located in mountainous areas of Trento province (Italy). The herds belonged to 5 main dairy systems ranging from traditional to modern and the cows presented different daily milk yields (24.6 ± 7.9 kg × d −1 ), stages of lactation (199 ± 138 d in milk), and parities (2.7 ± 1.8). The PTR-ToF-MS revealed 619 peaks, of which the 240 most intense were analyzed, and 61 of these were tentatively attributed to relevant volatile organic compounds on the basis of their fragmentation patterns and data from the literature. Principal component analysis was used to convert the multiple responses characterizing the PTR-ToF-MS spectra into 5 synthetic variables representing 62% of the total information. These principal components were related to groups of volatile compounds tentatively attributed to different peaks and used to investigate the relationship of the volatile compound profile obtained by PTR-ToF-MS to animal and farm characteristics. Lactation stage is related to 4 principal components which brought together 52.9% of the total variance and 57.9% of the area of analyzed peaks. In particular, 2 principal components were positively related to peaks tentatively attributed to aldehydes and ketones and negatively related to alcohols, esters, and acids, which displayed a linear increase during lactation. The third principal component was affected by dairy system; it was lower in the modern system in which cows received total mixed rations. The third principal component was positively related to daily milk production. In summary, we report the first application of this innovative, high-throughput technique to study the effects of dairy system and individual animal factors on volatile organic compounds of model cheeses. Individual cheesemaking procedures together with this spectrometric technique open new avenues for genetic selection of dairy species with respect to both milk and cheese quality.
INTRODUCTION
Flavor is an important driver of cheese purchase and consumption (Drake et al., 2008; Childs and Drake, 2009 ). Food quality assessment now requires low-cost, rapid, nondestructive testing techniques that can be applied to small samples (Rodriguez-Saona et al., 2006) . Analytical tools that enable qualitative fingerprinting of a wide range of dairy products are particularly attractive, and among these there is growing interest in direct injection spectrometric techniques, particularly proton transfer reaction time of flight mass spectrometry (PTR-ToF-MS; Biasioli et al., 2011) . The PTRToF-MS is based on the ionization of volatile organic compounds (VOC) with a proton affinity higher than water upon reaction with hydronium ions (H 3 O + ) and subsequent detection by a high-resolution time of flight mass analyzer. In particular, this apparatus is composed of a hollow cathode discharge ion source in which H 3 O + reagent ions are produced from water vapor used as reagent gas; a drift tube where the VOC to be analyzed are continuously injected and ionized by proton-transfer reaction with H 3 O + ions; and a quadruple mass analyzer where the ions are detected. Unlike other techniques with better identification capability, such as GC-MS, PTR-ToF-MS allows direct injection of the headspace without extraction or preconcentration steps, and has a shorter analysis time (only a few seconds per sample) and greater sensitivity. As in other headspace gas chromatographic analyses, it is also nondestructive, does not require chemicals, and permits online monitoring of VOC, whereas the resulting spectral information can provide a very detailed description of samples, which is useful for characterizing food quality and typicality Cappellin et al., 2012 [AU1: 2012 a or b?]). For example, PTR-ToF-MS has applications in food science and technology, dairy products in particular, for monitoring VOC production in cheese during ripening (Aprea et al., 2007; Soukoulis et al., 2010) , correlating the cheese volatile profile with the sensory characterization of cheese flavor and odor (Biasioli et al., 2006) , and for investigating the geographical origin and the typicality of cheese (Galle et al., 2011) .
Cow management and breed, animal genetics, season, and technological factors influence milk characteristics and, as a consequence, cheese quality and sensory properties Bittante et al., 2011a,b) . Studies have been carried out on the influence of dairy cow feeding on the sensory properties of cheese (Martin and Coulon, 1995b; Cornu et al., 2009 ), but little is known about the effects of individual animal-related factors on cheese flavor.
This work was part of a large research project (Cowplus Project) aimed at developing new phenotypes of dairy cow depicting the relationships between animal characteristics, milk quality, cheesemaking aptitude, and cheese sensory traits. In the frame of this project, Cipolat-Gotet et al. (2013) proposed a method to produce model cheeses from individual milk samples that has proven to be particularly useful in determining the cheesemaking aptitude of milk and in allowing for the study of both individual phenotypic sources of variation (DIM, parity, milk yield) and environmental (dairy system) factors on a large scale. The individual model cheese-manufacturing process was also used to estimate genetic parameters of the cheesemaking properties of milk and of daily cheese production through direct measurement or Fouriertransform infrared spectrometry prediction (Ferragina et al., 2013 Bittante et al., 2014) . Cipolat-Gotet et al. (2013) applied the model cheesemaking procedure to 1,264 cows from 85 herds to study cheese yield as well as the recovery of individual milk components in the curd and also to quantify the ratios between the curd contents of fat, protein, DM, and energy versus the content of the corresponding nutrient in the processed milk. Those authors found a significant effect of herd and individual animal factors.
As part of the same Cowplus Project, Bergamaschi et al. (2015) showed that this individual cheesemaking procedure could also be used for qualitative studies of individual cheeses. In a pilot study on a sample of 150 individual model cheeses obtained from 30 herds, they studied the VOC profile of ripened cheeses using solidphase microextraction GC-MS (SPME/GC-MS) and characterized the VOC profile of ripened cheeses: 55 compounds were identified and an exploitable variability according to dairy system and individual animal characteristics was observed. Moreover, SPME/GC-MS analysis of selected cheeses offers the possibility to support PTR-ToF-MS fingerprint analysis in a large number of samples (Cappellin et al., 2012 [AU2: 2012 
or b?]).
The aims of the current work were (1) to study the potential of PTR-ToF-MS for rapid characterization of cheeses on the basis of their volatile fingerprint, and (2) to analyze the effects of dairy system and individual cow characteristics on the volatile compounds of cheese using a large number of individual model cheeses.
MATERIALS AND METHODS

Field Data
To carry out this study, also part of the Cowplus Project, a total of 1,075 Italian Brown Swiss cows reared in 72 herds located in Trento Province (Italy) were selected. Fifteen cows were chosen randomly from each herd and sampled once on the same day: the herds were sampled year round to cover all seasons and rearing conditions. The sampled cows presented different milk yields (24.6 ± 7.9 kg × d −1 ), stages of lactation (199 ± 138 DIM), and parities (2.7 ± 1.8). The sampling procedure is described in detail by Cipolat-Gotet et al. (2012) and Cecchinato et al. (2013) . The production environments, which varied in terms of production level, destination of milk, modernization of structures, and management, are discussed by Sturaro et al. (2013) . The selected dairy farms of this Alpine area (825 ± 334 m above sea level) used different dairy management strategies, with variations in facilities, feedstuff distribution, use of silages, and transhumance to temporary summer Alpine pastures.
Traditional dairy farms were those dairy systems utilizing small barns, tied animals milked at the stall, calving concentrated mainly in autumn, transhumance of cows and heifers to Alpine pastures for the summer, and feed mainly composed of hay and compound feed.
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These were either with or without automatic feeders at the manger (traditional with automatic feeders, 9 farms, or traditional without automatic feeders, 12 farms, respectively). Modern dairy farms were characterized by features of intensive systems: larger, modern facilities, loose animals, milking parlors, year-round calving, use of TMR, with or without maize silage (modern TMR with silage, 7 farms, or modern TMR without silage, 14 farms, respectively). Intermediate dairy systems were those farms with modern facilities but traditional feeding management composed of hay and compound feed (modern hay + compound feed, 30 farms).
Collection, refrigeration, transport, and storage of milk samples were standardized with the aim of minimizing differences among herds (corresponding to sampling dates). After collection, all milk samples (without preservatives) were immediately refrigerated (4°C) and processed into cheeses within 20 h at the cheesemaking laboratory of the Department of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE) of the University of Padova (Legnaro, Padova, Italy). Fat, protein, and casein percentages were determined using a MilkoScan FT6000 apparatus (Foss Electric A/S, Hillerød, Denmark). The pH was measured using a Crison Basic 25 electrode (Crison, Barcelona, Spain). Somatic cell count was obtained from the Fossomatic FC counter (Foss) then converted to SCS by logarithm transformation (Ali and Shook, 1980) . Information on the cows (DIM, parity, and milk yield) was provided by the Breeders Federation of Trento Province (Italy[AU3:
Is there a city for this?]).
Descriptive statistics of milk composition traits are summarized in Table 1 . Milk composition reflected the good milk quality typical of Brown Swiss cows .
The modern dairy systems produced more milk than the traditional systems. In particular, modern farms with TMR without silage had higher milk yields (30.0 ± 8.4 kg × d ). The cows reared in traditional dairy farms without automatic feeder produced milk with lower fat (4.2 ± 0.7%) and protein (3.7 ± 0.4%) contents than the cows reared in the modern dairy systems with TMR and with maize silage (5.0 ± 1.2% fat and 3.9 ± 0.4% protein, respectively).
Cheesemaking Procedure
Model cheeses were manufactured using raw milk from individual cows according to the method described by Cipolat-Gotet et al. (2013) that resembles the industrial process often used to produce full-fat, 2-mo ripened cheese. No adjustment of the procedure was applied to taken into account the differences in composition of milk samples because the main aim of the project was to fully analyze the individual variability. Briefly, 1,500 mL of milk were heated, cultured, and mixed with rennet solution to a final concentration of 51.2 IU/L. The resulting curd was cut, drained, shaped in wheels, pressed, salted, and weighed. The small wheels produced for the purpose of our study were ripened for 60 d and then weighed and analyzed. The fat, protein, and DM contents of the whole cheeses were measured using a FoodScan apparatus (Foss). The pH was measured at 20°C by inserting a Crison Basic 20 electrode (Crison) into each model cheese. A cylindrical sample 1.1 cm in diameter and about 3.5 cm in height was taken from the center of each model cheese and conserved at −80°C until VOC analysis. Descriptive statistics of the cheese compositions are presented in Table 1 . Dairy system did not significantly influence the gross composition of model cheeses even if, numerically, model cheeses from the modern dairy systems were characterized by a slightly higher level of fat and protein content than those from the traditional systems. Within the modern dairy systems, the farms using TMR and maize silage exhibited a slightly higher fat content. In the 5 mountain dairy systems, cheese pH ranged from 5.13 ± 0.20 (modern hay + compound feed) to 5.21 ± 0.14 (modern TMR with silage); the difference between them was not significant.
PTR-ToF-MS
The headspace of the 1,075 model cheeses was analyzed using a commercial PTR-ToF-MS 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria) and a modified version of the method described in detail by Fabris et al. (2010) . Briefly, cheese samples were thawed and kept at room temperature (about 20°C) for 6 h, then 3-g subsamples from each sample were put into glass vials (20 ml, Supelco, Bellefonte, PA) and capped by PTFE/Silicone septa (Supelco). About 75 samples chosen randomly from the 1,075-sample set were measured every day. Conditions in the drift tube were as follows: drift tube temperature 110°C, drift pressure 2.11 mbar[AU4: Use SI units.], and drift voltage 500 V. Internal calibration and peak extraction was performed according to a procedure described by Cappellin et al. (2011) , which allowed the identification of 619 peaks and was, in most cases, sufficient for sum formula identification. Absolute headspace VOC concentration expressed as parts per billion by volume (ppb v ) was estimated using the formula described by Lindinger et al. (1998) with a constant reaction rate coefficient of the proton transfer reaction of 2 × 10 −9 cm 3 /s. This method has been shown to be viable for absolute VOC headspace concentration determination (Cappellin at al., 2012 [AU5: 2012 a or b?]). The use of the same reaction rate coefficient produces a systematic error that is typically negligible and the estimation accuracy can be improved if the actual reaction rate coefficient is known. The relative VOC concentrations between samples is not affected by the value of the reaction rate coefficient.
Statistical Analysis
The data set comprised 1,075 model cheeses (records) and 619 spectrometric peaks (variables) corresponding to the headspace concentrations of all identified peaks with a defined m/z value (data set A), which had a total spectral intensity of 49,723,176 ppb v (Table 2 ). All peaks below a threshold of 1 ppb v (302 peaks) were removed from the mass spectra (data set B), and 77 masses (42% of the total mass spectra intensity) associated with the PTR-ToF-MS ion source and water clusters (possible interference) were excluded before any statistical analysis (data set C).
Given that the distribution of all spectra peaks showed a strong positive skewness, the data were transformed: the fraction of each peak plus one was multiplied by 10 6 and expressed as a natural logarithm to obtain a Gaussian-like data distribution. All transformed records that were 3 standard deviations or more outside the mean were considered outliers and substituted by a mean plus 3 standard deviations value before any statistical processing.
Data standardization was performed within each day of analysis (15 d) to equalize data variability resulting from the effect of this environmental factor on proton transfer reaction masses; this was also confirmed by a Levene's test (data not shown). Multivariate data treatment (principal component analysis) was applied to the standardized data using Statistica 7.1 (StatSoft, France[AU6: Add city.]) to synthesize the information and to provide a new set of principal components (PC).
Dependent variables were analyzed using the mixed model procedure of SAS (SAS Inst. Inc., Cary, NC) according to the following model:
Y ijklmno = μ + dairy system i + HTD j (dairy system) i + DIM k + parity l + milk m + vat n + e ijklmno , where Y ijklmno is the observed trait (first 5 PC and 240 spectrometric peaks); μ is the overall mean; dairy system i is the fixed effect of the ith dairy systems (i = 1 to 5); HTDj(dairy system) i is the random effect of the jth herd test date (j = 1 to 72) within ith dairy systems; DIM k (interval from calving to milk sampling) is the fixed effect of the kth classes of DIM ( ) is the linear covariate of daily milk production; vat n is the fixed effect of the nth experimental vat used for model cheese production (n = 1 to 15); and e ijklmno is the residual random error term ~N(0, σ 2 ). The effect of dairy system was tested using herd test date within dairy system as the error term, whereas other fixed effects were tested on the residual. In addition, orthogonal contrasts were used to test the effects of dairy system and parity.
RESULTS
VOC Profiling of Model Cheeses Analyzed by PTR-ToF-MS
A large number of peaks (619) describing volatile organic compounds (Table 2) were obtained from headspace PTR-ToF-MS analysis of individual model cheeses. Data compression was performed considering the 317 most intense peaks with spectrometric area greater than 1 ppb v , which represented 99.7% of the total spectral intensity (Table 2 ). After elimination of 77 possibly interfering ions, 240 peaks were still available.
To aid spectra interpretation (Supplementary Table  S1 ; http://dx.doi.org/10.3168/jds.2015-9803), the fragmentation pattern of 61 relevant compounds, representing 78.0% of the total spectral intensity of the compressed data set without interfering ions (Table 2) , were retrieved from available GC-MS data on the same model cheeses (Bergamaschi et al., 2015) or from the literature Soukoulis et al., 2010; Galle et al., 2011) . Where unavailable, data from the fragmentations patterns was used to identify measured peaks.
Descriptive statistics of the proton transfer reaction peaks detected in the model cheeses are in the supplementary material section (Supplementary Table S2 ; http://dx.doi.org/10.3168/jds.2015-9803). The most intense peaks detected were at m/z 43.018, 43.054, 61.028, and 45.033, with a mean value in natural logarithm of 11.3, 11.1, 11.0, and 10.9, respectively (Supplementary Table S2 ). We attributed these spectrometric fragments to alkyl fragments, acetic acid, and ethanal.
New Synthetic Variables Associated with Cheese VOC
Multivariate data treatment was performed to convert multiple responses (240 masses) into a small number of variables. All the correlation coefficients between the first 5 PC and the 240 individual masses are shown in the supplementary data section (Supplementary  Table S3 ; http://dx.doi.org/10.3168/jds.2015-9803). The 5 first PC together explained 61.5% of the total variability of the original variables; the major positive and negative peaks of the PC are shown in Table 3 . The first PC explained 28.3% of the total original variance. The other 4 PC explained 10.9, 8.6, 7.6, and 6.1%, respectively.
The Effects of Farming System
Results from an ANOVA, reported in Table 4 , show the effects of dairy system, herd test date, and individual cow-related factors on the 5 extracted PC. The effect of individual herds within dairy system was greater for both PC3 and PC5 because the variance explained by herd test date represented 53 and 48% of total variance, whereas for PC2, PC1, and PC4 it represented 31, 20, and 15%, respectively. The second PC differed significantly according to dairy system (Table 4) , as modern dairy systems with TMR had higher values than the other 3 farming systems (Figure 1) .
Moving to the analyses of individual PTR-ToF-MS, Supplementary Table S4 (http://dx.doi.org/10.3168/ jds.2015-9803) shows that 57 out of 240 peaks were affected by the dairy system. Differences between the 2 traditional versus the 3 modern dairy systems were evident in only 2 of these peaks. In both cases, the cheeses from traditional farming systems had higher peaks than cheeses from modern systems. Of the traditional farms, those distributing compound feed in the mangers with automatic feeders displayed higher contents of 3 peaks (Supplementary Table S4 ). Of these, we identified methanol at m/z 33.034.
Within the modern dairy systems, the method of feedstuff distribution had a profound effect on the PTR-ToF-MS profile of model cheeses: those produced from farms using TMR were characterized by higher concentrations of 23 spectrometric peaks and lower concentrations of 12 peaks compared with farms where cows were fed conventionally (Supplementary Table S4 Among the dairy systems using TMR, those that added silages, as opposed to those adding just water to moisturize the ration and avoid demixing, presented significantly (P < 0.05) lower concentrations of 17 peaks (Supplementary Table S4 ; http://dx.doi.org/10.3168/ jds.2015-9803). In particular, hexan-1-ol, hexan-2-ol (m/z 85.101), ethyl butanoate, ethyl-2-methylpropanoate, hexanoic acid (m/z 117.091), ethyl hexanoate, and octanoic acid (m/z 145.123) were successfully identified. These compounds were mainly alcohols, acids, and esters. In the dairy systems without silage, we found higher concentrations of only one unknown peak at m/z 65.018 (Supplementary Table S4 ; http://dx.doi. org/10.3168/jds.2015-9803).
The Effect of Animal Characteristics
The second and fourth PC exhibited a significant (P < 0.001) linear increase during lactation (Table 4 ). The patterns along the lactation obtained by plotting least squares means of the first and third PC for DIM are presented in Figure 2b and c, respectively.
Moving to individual peaks, we found just over half the PTR-ToF-MS peaks (139 out of 240) were affected by DIM (Supplementary Table S5 ; http://dx.doi. org/10.3168/jds.2015-9803). Among the 75 peaks showing linear increases throughout lactation, we identified methanethiol (m/z 49.011), the alcohols butan-1-ol and butan-2-ol (m/z 57.070; 75.080), the acids hexanoic acid (m/z 99.081) and nonanoic acid (m/z 159.138), and the esters ethyl butanoate, ethyl-2-methyl propanoate (m/z 117.091), ethyl pentanoate, ethyl-2-methylbutanoate, and ethyl-3-methylbutanoate (m/z 131.107). In contrast, 34 peaks showed linear decreases during lactation, and of these we identified acetonitrile (m/z 42.034), ethanal (m/z 45.033), propan-2-one (m/z 59.049), 3-methylbutanal, 2-methylbutanal, heptanal, nonanal, and pentan-2-one (m/z 87.080).
The quadratic pattern was exhibited by 54 peaks, and of these ethanal (m/z 45.033), 2-methylbutanal, 3-methylbutanal, heptanal, nonanal, penta-2-one (m/z 69.033), hexan-1-ol, hexan-2-ol (m/z 85.101), phenol (m/z 95.049), hexanoic acid (m/z 99.081), ethyl butanoate, ethyl-2-methyl propanoate (m/z 117.091), and 1-octen-3-one (m/z 127.112) were identified. All these substances showed a tendency to increase during the initial stage of lactation, followed by a more stable content until midlactation and a rapid decrease thereafter. Finally, 12 masses showed more complex trends during lactation (cubic pattern), and among these we tentatively identified 3-methyl-1-butanol, 3-methyl-3-buten-1-ol, pentan-1-ol (m/z 71.086), and butan-2,3-dione (m/z 87.044).
Parity of cows also affected the headspace PTR-ToF-MS profile measured on individual model cheeses. In particular, it affected 22 out of 240 individual peaks compared with the previously examined sources of variation (dairy system and DIM). Cheeses from primiparous cows had higher concentrations of 7 PTRToF-MS peaks than cheeses from multiparous cows (Supplementary Table S6 ; http://dx.doi.org/10.3168/ jds.2015-9803). Four of these peaks, as well as 6 peaks not affected by cows at first parity, were also different in mature cows (third parity) compared with older cows (4 or more parities). Of these, m/z 49.011 was attributed to methanethiol. Moreover, we found that the headspace of cheeses from second-lactation cows have higher quantities of 3 masses than cheeses from cows with 3 or more calvings (Supplementary Table S6 ).
Cow productivity (daily milk yield corrected for DIM and parity, as well as dairy system and herd) also affected the volatile fingerprint of individual model cheeses. The third PC increased with the increase in daily milk yield (Table 4 ). The concentrations of 23 peaks increased with increasing milk yield, whereas 8 peaks decreased (Supplementary Table S7 Table  S7 ).
DISCUSSION
PTR-ToF-MS Data
The PTR-ToF-MS output was composed of hundreds of reciprocally related masses and the absence of a pre- separation procedure results in different compounds or fragments being retrieved as the same peak (Aprea et al., 2007; Biasioli et al., 2011; Cappellin et al., 2011 ). An efficient way of analyzing this kind of data is multivariate analysis (e.g., principal component) carried out in 2 steps: (1) data compression to reduce the size of the data set without significant loss of information, and (2) identification of peaks that could help biological interpretation of the available information. The extracted PC can be used to investigate relationships with the original variables (peaks or cheese VOC), and the values (scores) of these factors can be treated as a new phenotype for further analysis. These synthetic indicators of VOC profiles were used to study dairy systems and sources of variation in individual dairy cows. The PC were positively and negatively related to groups of VOC, in many cases with same catabolic pathway, chemical family, or odor. Nevertheless, it was sometimes difficult to interpret the exhibited trends especially when the masses most related to the common components were unknown. In agreement with results regarding the cheesemaking properties of milk obtained from individual model cheese manufacture, we found that the effect of vat was not significant for any of the PC extracted, confirming the good reproducibility of the technique when used to study cheese quality traits (Table 4 ).
The Effects of Dairy Systems and Herds Within the Dairy System
Within farming systems, the composition of the basal diet is important for establishing the nutritional and sensory proprieties of milk and cheese (Couvreur et al., 2007; Romanzin et al., 2013; Bovolenta et al., 2014) . The differences found in the VOC of model cheeses from the 5 different dairy systems are clearly summarized by PC2 (Figure 1) , which reflects milk characteristics and also the production conditions of the dairy farms. No significant variations in cheese gross composition according to faming system were observed, which means that the differences in VOC cannot be directly linked to cheese gross composition.
In the current study we found no differences between the 2 traditional versus the 3 modern dairy systems when the PC were analyzed (Table 4 ). The use of TMR in the modern farming systems resulted in greater differences in the cheese VOC profiles: the differences between the modern dairy systems with hay and compound feed administered separately (with a greater proportion of forages in the diets) and the modern systems with TMR (using more concentrates) were linked to the esters, acids, and terpenes. It is well known that TMR optimizes rumen function and improves cow production efficiency in terms of DMI and daily milk yield Figure 1 . Least squares means of the extracted second principal component (PC) scores for different dairy systems. AF = automatic feeders at mangers to control individually concentrate distribution of tied cows; CF = compound feed distributed at mangers; no silage = water is added in the mixer wagon to favor mixing. Orthogonal contrast between modern farms with hay and compound feed administered in the mangers vs. modern farms using total mixed rations was statistically different (P < 0.05).
9 (Tafaj et al., 2007; McBeth et al., 2013) . Caccamo et al. (2012) examined the effect of TMR on production and milk composition traits and found that the starch content of the ration was the most important element related to the increase in milk yield, fat, and protein contents over the cows' entire lactation.
The TMR affects compounds already mentioned in the literature associated with catabolic processes. For instance, among the masses most positively correlated with PC2 (Table 3) , we found m/z 117.091 (tentatively attributed to ethyl butanoate and ethyl-2-methylpropanoate) and m/z 145.123 (ethyl hexanoate[AU7: This sentence is incomplete. Please clarify.]). These compounds derive from the condensation between FFA and alcohols (Curioni and Bosset, 2002) and are responsible for fruity-floral notes in cheese flavor (Frank et al., 2004; Cornu et al., 2009; Sympoura et al., 2009 ). Other VOC significantly affected by TMR were terpenes, which can be transferred from the plant to the milk and have been listed as cheese odorants with a fresh, herbaceous odor (Viallon et al., 2000; Curioni and Bosset, 2002; Carpino et al., 2004) . The terpenes ingested by cows have been suspected of having an effect on rumen microflora. In particular, protein degradation and VFA production may, due to nutrient flow out of the rumen, result in milk and cheese compositional changes and, consequently, variations in sensory proprieties (Noni and Battelli, 2008; Tornambé et al., 2008) .
In our study, maize silage was the main component of the forage proportion of TMR in the modern dairy systems using silages. Several studies have shown that the use of maize silage versus grass generally leads to cheeses that are less valued because their flavor is less developed Hurtaud et al., 2004; Martin et al., 2004) . In contrast, no significant differences were reported between cheeses made from milk produced by cows fed with hay and those from cows fed with grass silage (Verdier-Metz et al., 2005) . Previ- ous studies reported lower concentrations of alcohols from C 2 to C 6 , such as hexan-1-ol and hexan-2-ol (m/z 85.101), in the VOC profile of milk from cows fed diets based on hay rather than those including maize silage (Kalač, 2011) . Acids originating from plants or produced during ensiling and alcohols formed in silage can produce various esters, such as ethyl butanoate and ethyl-2-methylpropanoate; in our study they were related to PC2 and statistically significantly influenced[AU8: At what level?] by the use of silage (m/z 117.091). We found other esters and acids correlated with PC2 and more significantly (P < 0.05) affected by the use of silage, such as ethyl hexanoate and octanoic acid (m/z 145.123).
The amounts of concentrates in the cow diets may increase milk fat content, de novo FA, and total SFA (Borreani et al., 2013; Romanzin et al., 2013) . The level of FA oxidation may vary depending on the animal's diet; for instance, milk from a diet based on hay and concentrate had low antioxidant potential (Agabriel et al., 2007; Calderón et al., 2007) . The lipolysis system affected by nutritional and physiological factors plays an important role in the development of flavor and rancidity in dairy products (Chilliard et al., 2003) . Furthermore, in the present study, the lower volatile compound contents in cheeses from a corn silage-based diet could result from lower postmilking lipolysis activity, as previously noted by Ferlay et al. (2006) .
The Effect of Lactation Stage
The influence of lactation stage on the cheese VOC fingerprint appears to be by far the most important of the different sources of variation found in this experiment. Indeed, 4 PC that together account for 52.9% of the total original variance were affected by lactation stage (Table 4) . Principal component 1 and PC5, which together account for 34.4% of the total information, decreased across lactation (Figure 2a and d, respectively ). An opposite trend was shown by PC2 and PC4, which linearly increased during lactation (Figure 2b and c, respectively). These variables summarize the VOC profile influenced by DIM without losing much information, because most of the peaks (75/139) also significantly increased during lactation (Supplementary Bergamaschi et al. (2015) , who studied the VOC profiles analyzed by SPME/GC-MS of a subset of samples from the same model cheeses discussed here. Our results concur with previous studies reporting a major influence of stage of lactation on sensory traits, with cheeses from late-lactation milk having a less pleasant odor .
The ANOVA results show the compounds more significantly (P < 0.01) affected by stage of lactation to be alcohols, acids, esters, aldehydes, and ketones. The higher concentration of peaks and fragments associated with alcohols, such as butan-1-ol and butan-2-ol (m/z 57.070 and 75.080, respectively), is in agreement with previous findings regarding the flavor of raw milk and Fontina cheese (Carbonell et al., 2002; Berard et al., 2007) . Primary alcohols, such as butan-1-ol, generally originate from the corresponding aldehydes, whereas butan-2-ol may be formed by the action of the starter bacteria on butan-2,3-dione to butan-2,3-diol and subsequent transformation to butan-2-ol as a consequence of nonstarter lactic acid bacteria activity during cheese ripening (Berard et al., 2007) . Hexanoic acid (m/z 99.081) also increased during lactation. This acid is generally produced from lipolysis of milk fat and has also been identified as a characteristic flavor component of Grana Padano, Parmigiano-Reggiano, and Roncal cheeses (Curioni and Bosset, 2002; Bellesia et al., 2003) .
A possible explanation for these positive trends in VOC found in model cheeses could be related to the well-known effect of DIM on the increase in milk fat and protein content during lactation (excepting the initial decrease) and on cheese gross composition (Stoop et al., 2009; Perna et al., 2014) . Nevertheless, it should be pointed out that only about half of the peaks affected by DIM showed an increase during lactation, and the majority of them showed much greater variations than those observed for milk and cheese composition (taking into account that the data are expressed as logarithm of the concentration). Moreover, many masses showed an opposite decreasing trend so that the effect of lactation stage on the PTR-ToF-MS profile is probably more complex, involving drivers other than milk and cheese composition. One possible explanation rely also on the lower coagulum drying capacity or syneresis and the higher soluble protein content at the end (>200 d) of lactation (Martin and Coulon, 1995a; Ostersen et al., 1997; Bittante et al., 2015) . The effect of lactation stage on VOC could also be related to higher SCC in late lactation, sometimes accompanied by elevated levels of milk enzymes (e.g., plasmin, cathepsin), which may increase protein degradation. A small amount of protein degradation, which does not affect the cheese gross composition, can originate from a relatively large increase in volatile compounds (Marino et al., 2005; Mazal et al., 2007; Hand et al., 2012) . Moreover, the cheeses produced with milk from animals in late lactation are also frequently described as high in moisture 11 and with faster proteolysis and lipolysis, which influence the texture and flavor of cheese .
In addition, the energy status of the cows changes throughout lactation and significantly contributes to variations in milk fat composition because it alters different FA pathways, such as de novo synthesis in the mammary gland and biohydrogenation in the rumen (Stoop et al., 2009) . Furthermore, VOC concentration could be affected by hormonal balance during gestation, because in late lactation fetal growth causes a restriction in food intake, the mobilization of body fat reserves, a reduction in milk production, and sometimes depletion of the dairy milk components (Ostersen et al., 1997) .
Other VOC significantly (P < 0.001) influenced by DIM include ethanal (m/z 45.033), which may be produced through lactic acid bacteria activity from glucose via pyruvate and imparts green apple flavor notes to dairy products such as yogurt and cheese (Curioni and Bosset, 2002; Soukoulis et al., 2010) ; 2-methylbutanal, 3-methylbutanal (m/z 87.080), hexanal, and nonanal (m/z 69.033), which may result from lipid oxidation or degradation of AA (Strecker reaction) and are often associated with green grass and herbaceous aromas in cheese (Curioni and Bosset, 2002; Cornu et al., 2009; Thomsen et al., 2012) ; and carbonyl compounds propan-2-one (m/z 59.049) and pentan-2-one (m/z 87.080), which are probably produced by decarboxylation of the respective FA by lactic acid bacteria (Curioni and Bosset, 2002) .
Reductions in these compounds throughout lactation may be linked to elements that were not measured in our study, such as initial microbial composition and their enzymatic activity. Milk and cheese protein can biologically include active peptides, which variously inhibited the amino and endo-peptidase of lactic acid bacteria (Smacchi and Gobbetti, 1998) . The activity of these peptidases is very important during cheese ripening because they supply free AA that may be major precursors of specific flavor molecules, such as various alcohols, aldehydes, acids, esters, and sulfur compounds (Smit et al., 2005; Perna et al., 2014) .
The Effect of Parity
Previous studies have demonstrated the importance of parity on milk composition (Kroeker et al., 1985) , milk coagulation proprieties (Bittante et al., 2012[AU10: Please correct the citation, add the reference to the list, or delete the citation.]), and nutrient recovery or loss in the whey of model cheeses from individual bovine and buffalo milk . More recently, the effect of number of lactations on the VOC of a subdata set of the model cheeses considered in the current work has also been investigated (Bergamaschi et al., 2015) , but to our knowledge no published paper deals with the sensory properties of cheeses.
The peak m/z 49.011, attributed to methanethiol, known for its sulfurous note in the cheese aroma of different varieties, increased with parity (Curioni and Bosset, 2002; Bellesia et al., 2003; Cornu et al., 2009 ). The effect of parity on cheese VOC was not related to model cheese gross composition. Nevertheless, as previously reported (Erdem et al., 2010; Sánchez-Macías et al., 2013) , the increase with parity SCC (data not shown) may explain in part the VOC variations. Indeed, as already discussed above, the more intense proteolysis during ripening in the case of high SCC observed by Coulon et al. (2004) and Marino et al. (2005) may be responsible for the increasing trend of some volatile compounds. Moreover, higher SCC are usually associated with modification in other chemical compounds in milk, such as soluble proteins, which modify the cheesemaking ability of milk (Mazal et al., 2007; Erdem et al., 2010; Sánchez-Macías et al., 2013) . Cipolat-Gotet et al. (2013) studied individual sources of variation on protein recovery of milk in curd and reported a decrease in the case of older cows.
Among the volatile compounds more significantly influenced (P < 0.05) by parity, we also found acids and esters. These VOC, in particular ethyl hexanoate and octanoic acid (m/z 145.123), may originate from AA or FA catabolism (McSweeney and Sousa, 2000) . Acids and esters have also been reported to have an important role in the flavor of Parmigiano-Reggiano (Bellesia et al., 2003) , Camembert (Curioni and Bosset, 2002) , and Cantal cheese . Their variation according to lactation (higher in third vs. fourth or more parities) could be linked, at least in part, to milk composition.
The Effect of Milk Yield
Many studies have investigated the effect of diet, stage of lactation, and farming system on milk and cheese characteristics Ferlay et al., 2006; Borreani et al., 2013) ; but, to our knowledge, very few authors have studied the relationships between cheese VOC and daily milk yield independently from the other effects studied in this experiment. Our findings indicate that variations in milk yield within herd, parity, and DIM influence the VOC profile of model cheeses, in agreement with previous work in this area using other analytical techniques (Bergamaschi et al., 2015) . The third PC (Table 3) was positively related to volatile compounds belonging to 2 ketones, octan-1-one (m/z 129.127), and nonan-2-one (m/z 143.143), and negatively with acetonitrile (m/z 42.034), methanol (m/z 33.034), and propanoic acid (m/z 75.044). The masses more significantly (P < 0.05) affected by milk yield corresponded to VOC belonging to different chemical families: acids, aldehydes, and ketones. Among these, we found some peaks with a lower correlation with PC3, such as hexan-1-one, hexan-2-one, and hexanal (m/z 101.097). In contrast, propanoic acid (m/z 75.044) had higher correlation coefficients and characterized PC3 (Table 3) . It is interesting to note that some peaks, and some PC, were significantly affected by 2 or more sources of variations: for example, 2-methylbutanal, 3-methylbutanal, and penta-2-one (m/z 87.080) were affected by both DIM and milk yield. Moreover, ethyl hexanoate and octanoic acid (m/z 145.123) differed significantly according to DIM, parity, and dairy systems. The statistical model used in our experiment was supposed to segregate all these associated factors but some overlap cannot be excluded.
CONCLUSIONS
The[AU11: Conclusions should be one brief paragraph summarizing the main findings of the current study. Please move all extraneous data to the Discussion section.] results of the present research show PTR-ToF-MS to be a powerful technique for characterizing the VOC of cheese, and, because of its simplicity of sample preparation and high-throughput can be applied also on a large number of samples. As this technique detects a very high number of peaks, a multivariate analysis, such as principal components analysis, is a useful method for compressing information in a few traits to be used as new phenotypes. These new synthetic indicators summarize the main trends of groups of volatile compounds, which could be related to the same catabolic pathways, chemical families or flavors.
The combination of 2 high-throughput techniques, such as PTR-ToF-MS and the model cheesemaking procedure, proved to be a powerful instrument for investigating the relationships between animal characteristics, farm characteristics, milk processing, and cheese quality. This approach allowed the investigation of the effects of dairy system and individual animal characteristics on cheese volatile organic profiles at the individual level. The most significant effect was found to be related to the use of TMR, a technique of distributing feedstuff to cows that seems to have a high impact on cheese volatiles. The use of maize silage instead of hay in the fodder ration also has a significant impact. Concerning individual animal characteristics, we found DIM to be the major source of variation in cheese volatile compounds, having an effect on about half the peaks, followed by daily milk yield and parity of the cow.
In conclusion, high-throughput methodologies, such as model cheese production and rapid volatile compound profiling by PTR-ToF-MS, open new avenues for the investigation of the effects of farming systems and individual animal traits on the final quality of cheese, and new directions in the genetic improvement of dairy species.
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